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Cultivated sorghum (Sorghum bicolor subsp. bicolor) can interbreed with its close weedy 
relative shattercane (S. bicolor subsp. drummondii).  The introduction of traits from 
cultivated sorghum into a shattercane population could contribute to the invasiveness of 
the wild shattercane population.  An in situ experiment was conducted across two years 
to determine the potential for pollen-mediated gene flow from grain sorghum to 
shattercane.  Shattercane with juicy midrib (dd) was planted in a soybean field in 
concentric arcs at varying distances from a sorghum pollen source with dry midrib (DD). 
The arcs were placed so that prevailing winds would carry pollen from the sorghum to 
shattercane.  Shattercane panicles in anthesis during sorghum pollen shed were tagged 
and seeds were collected from those shattercane panicles. Progeny were evaluated using 
the dry midrib marker to determine outcrossing rate. Outcrossing was greatest for 
shattercane placed within the source and differed between years (3.6±0.76% in 2008 and 
16.1±1.31% in 2009). Outcrossing rate generally declined as distance increased for both 
years. In both years outcrossing was seen (0.09±0.04% in 2008 and 0.34 ±0.07% in 2009) 
at the farthest distance evaluated (200 m). Wind direction and speed was also a 
determining factor as wind run (wind speed*proportion of wind in that direction) affected 
outcrossing rate for all pollination periods. Results indicate that genes from cultivated 
sorghum and any associated traits will likely be introduced into shattercane populations at 
 
distances of at least 200 m and that outcrossing rate is dependent on weather factors such 
as wind, and possibly pollen source strength. 
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Title: The rate of Shattercane x Sorghum Hybridization in Situ 
 
Introduction 
Sorghums are cultivated throughout the world for food, syrup, feed, and biofuel substrate. 
Adapted to hot, dry climates, grain sorghum is consumed as a staple food in Africa, India 
and China. In the USA, it is a major economic crop grown for animal feed and ranked 
second after maize for ethanol production (Paterson 2008). It is considered the fifth most 
important cereal crop worldwide (Doggett, 1988) 
 
Sorghum bicolor (L.) Moench includes three subspecies (Wiersema and Dahlberg, 2007). 
Grain sorghum belongs to the subspecies bicolor [Sorghum bicolor subsp. bicolor (L.) 
Moench]. Sorghum bicolor subsp. verticilliflorum [(Steud.) de Wet ex Wiersema and J. 
Dahlb.] is generally thought to be a wild progenitor of cultivated sorghum. Sorghum 
bicolor subsp. drummondii [(Steud.) de Wet ex Davidse)] includes Sudangrass, which is 
cultivated for forage, and shattercane, a feral, de-domesticated sorghum with many 
similarities to sudangrass and grain sorghum (Defelice 2006). Shattercane is a 
problematic weed in corn, sorghum and soybean fields in the southern and central USA,  
and can cause 85% losses in yield and loss in quality due to seed contamination 
(ICRISAT 2002; Hans and Johnson 2002; Horak and Moshier 1994).  
 
Gene flow includes the introduction of new alleles into a population, or changing the 
frequency of existing alleles in a population by cross pollination from an outside source.  
There are many crops which have weedy or wild relatives and crop to weed gene flow is 
2 
 
 
not uncommon.  For this to occur, the species must be sexually compatible, share a 
common pollinator and flower synchronously (Arriola and Ellstrand, 1997; Baker, 1972; 
Spencer and Snow, 2001). Grain sorghum and shattercane are both diploid (2n = 20), 
sexually compatible, pollinated by wind, and can produce hybrid offspring (Sahoo et al., 
2010) 
 
There is considerable interest in developing sorghums that contain novel traits to improve 
grain quality, increase pest resistance, or convey resistance to herbicides. This can be 
accomplished though gene discovery in existing collections, induced mutations, or using 
transgenic technologies. For example, the Bill and Melinda Gates Foundation’s Global 
Health Program includes a challenge to scientists to improve the nutritional quality of 
grain sorghum varieties through using transgenic technologies 
(http://www.grandchallenges.org/ ImproveNutrition/ Challenges/NutrientRichPlants/ 
Pages/Sorghum.aspx). In addition, DuPont is scheduled to release grain sorghum 
varieties that are resistant to herbicides (primarily nicosulfuron and rimsulfuron ) as early 
as 2014. These traits were attained through traditional breeding by crossing weedy 
sorghum that had developed resistance to acetolactate synthesis inhibitor herbicides in 
farmers fields with cultivated varieties (Rupp et al. 2009; Tesso et at. 2011; Tuinstra and 
Al-Khatib 2009, 2010, 2011).  
 
Regardless of whether transgenic technologies are involved, the consequences of gene 
flow from crops to weedy populations could be problematic because crop genes might 
replace genes in the weedy populations (Haygood et al. 2003; Andow and Zwahlen 
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2006). If the introduced genes convey improved fitness, then success of the weed species 
might increase, potentially becoming more problematic. Andow and Zwahlen (2006) 
identify three factors that probably influence the rate and fate of crop-to-wild gene flow. 
These include the dispersal kernel of the gene, the fitness of the transgene in the recipient 
populations, and the frequency of introductions. The distribution of pollen on to receptive 
plants, or dispersal kernel, is a primary determinant of gene flow and depends on genetic 
compatibility and proximity, mechanisms of pollen dispersal, size of the pollen cloud, 
synchrony of flowering, reproductive compatibility, and production of viable seed (Auer 
2008; Craig et al. 2008; Halsey et al. 2005; Sosnoskie et al. 2009). 
 
Grain sorghum has been shown to outcross (cross-pollinate) at a rate of 10-15% with 
other grain sorghum when planted side by side. Pollination by wind can occur at a 
frequency of 0.06% at a distance of 158 m from the pollen source (Ellstrand and Foster 
1983; Schmidt and Bothma 2006).  Sudangrass (2n = 20) outcrosses with other 
sudangrass at a much higher rate (20-61%) than grain sorghum, possibly because 
sudangrass has a more open and branching panicle than grain sorghum (Pedersen et al., 
1998). Shattercane panicles are morphologically more similar to those of sudangrass 
panicles than grain sorghum. Arriola and Ellstrand (1996) showed that hybridization 
between grain sorghum and johnsongrass (Sorghum halepense L.), a tetraploid (4n = 40) 
relative, can occur at a rate of 2% at a distance of 100 m from the source crop. Arriola 
and Ellstrand (1997) also studied several fitness characteristics of johnsongrass, sorghum, 
and their hybrids and found no difference in fitness with respect to time of flowering, 
panicle production, pollen viability, and seed production. There was apparently no barrier 
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to prevent the transfer of any beneficial or neutral traits from the crop to wild S. 
halepense population (Arriola and Ellstrand 1997). Sahoo et al. (2010) found that the 
shattercane x sorghum hybrid was at least as fit as its weedy shattercane parent.  
 
Since the frequency of outcrossing in sudangrass is much greater than it is in grain 
sorghum, and shattercane panicles are more morphologically similar to sudangrass 
panicles, we hypothesized that the outcrossing rate between grain sorghum and 
shattercane might be closer to sudangrass. Therefore, the object of this research was to 
determine the rate of shattercane x grain sorghum hybridization for synchronously 
flowering populations as it occurred in quasi-realistic field conditions. 
 
Materials and Methods 
Two field experiments, each lasting two years, were conducted in 2008-2009 (hereafter 
referred to as 2008) and 2009-2010 (referred to as 2009) at the University of Nebraska-
Lincoln’s Agronomy Farm located in Northeast Lincoln, NE. The experiment consisted 
of a pollen source population of grain sorghum and individual shattercane plants planted 
in groups along concentric arcs at varying distances from the source population. The 
experiment was set up such that prevailing south winds would carry pollen from the grain 
sorghum to receptive shattercane panicles. The entire experiment was isolated from any 
other sorghum by 600 m to prevent contamination from outside sources. 
 
Outcrossing was quantified using a dominant phenotypic marker gene conferring a white 
(dry) midrib. The sorghum used for the pollen source was a mixture of three separate 
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sister lines with Tx623 background all homozygous for a dominant gene conferring a dry 
midrib (DD), which appears white in color. Three lines were used because of limited 
availability of seed and because the lines differed slightly in the length to flowering and 
the inclusion of all three was thought to increase the possibility of synchronous flowering 
with shattercane. The shattercane line used was obtained from a naturally occurring 
shattercane population collected near Lincoln, NE. The line was selfed for six generations 
and selected for the recessive phenotype (dd) conferring a juicy midrib, which appears 
green in color.  The phenotype for the midrib locus is controlled by simple Mendelian 
genetics where the heterozygote occurring when the two lines are crossed (Dd) also 
confers the dominant white midrib. Figure 1 shows the two phenotypes for comparison. 
 
The pollen source of grain sorghum was planted using a 6 row planter in a 50 m radius 
half circle area. Soil type was Kennebec silt loam in 2008 and Crete silt loam in 2009. 
Rows were spaced 0.76 m apart and planted to a target density of 18 plants m
-2
.  Urea 
fertilizer was applied to obtain a target yield of 5.6 Mg ha
-1
 using university 
recommendations (Wortmann et al., 2006). Weeds were controlled using a preemergent 
application of atrazine at 1.68 kg ha
-1 
and by hand weeding. The source was planted on 
July 3, 2008 and June 10, 2009. The late planting date in 2008 was due to high rainfall in 
June that led to flooding in the field where the experiment was located. Wind direction, 
speed, and other weather conditions were measured and hourly averages were recorded 
using a weather station placed within the source population. The stand of sorghum was 
less uniform and showed evidence of nitrogen stress in some spots in 2008, presumably 
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because of the late planting date and possibly because available soil N was lower due to 
leaching and de-nitrification from standing water that occurred prior to planting. 
 
Shattercane seeds were sown in small groups (hills) of 5 plants along concentric arcs 
spaced 1, 3, 5, 10, 20, 40, 60, 100, and 200 m from the edge of the sorghum source 
population. The hills were spaced 7m apart from one another along the 100m and 200m 
arcs and 5m apart along all other arcs. Ten hills were also placed randomly within the 
source. The area around the source and where the hills were located as well as the area 
surrounding the experiment was planted to soybeans to maintain a canopy height similar 
to sorghum to minimize interference with pollen flow. The arcs encompassed 90 deg of a 
circle and were centered directly North of the source population such that prevailing 
southern winds would carry pollen from the source to receptive shattercane panicles at 
the hills (see figure 2). To increase the chance of synchronous flowering between at least 
one shattercane plant for each hill and the source population, two shattercane seeds were 
sown the day the sorghum source was planted, two 3 d after planting and two 6 d after 
planting. Soybeans were removed by hand at each hill and shattercane seeds were sown 
approximately 30 cm apart from one another. A 1.5 m radius around each hill was kept 
weed free by hand weeding to minimize the effect of interspecific interference in 
shattercane flowering and to encourage the shattercane to tiller and produce more 
panicles. A 2 m alley was cut along the outer edge of the shattercane hills at the arcs 
spaces at 20 m and greater to facilitate access to the hills. Alleys were not cut at the 
closer arcs to maintain canopy structure. 
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The source population was monitored to determine when flowering began. Sorghum 
flowering was considered to be underway when approximately 50% of the sorghum 
panicles within the source population were beginning to pollinate. This occurred on 
August 31, 2008 and July 22, 2009. On these dates each shattercane hill was checked to 
determine if there was a panicle that was also beginning to flower. Panicles that were 
starting to pollinate were marked by attaching colored surveyors tape to the culms just 
below the panicle. Since not all shattercane had begun to pollinate, the hills were checked 
again several days later and if new shattercane panicles were beginning to pollinate, they 
were marked with a different color tape and were tracked separately as a new “flowering 
period.” This was done three times in 2008 (8/31, 9/3, 9/9) and twice in 2009 (7/22, 
7/24). Shattercane panicles for each flowering period were tracked and an approximate 
end date for each flowering period was determined. This varied from 3 days to 11 days.  
The source continued to flower throughout the flowering period for all shattercane 
flowering periods. The length of time for flowering within the source was greater in 2008 
(22d) than in 2009 (6d) presumably because the weather was cooler in 2008 and the stand 
was less uniform.  
 
Marked panicles were allowed to mature until they were close to shattering. Then the 
panicles were covered with pollination bags and stapled tightly near the base of the 
panicle to prevent any seeds that shattered from being lost. The mature shattercane 
panicles were harvested by clipping the stem below the bag and retaining the bagged 
panicle. Seeds from each panicle were threshed by hand and 720 seeds from each panicle 
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were counted and separated into six envelopes containing 120 seeds each. These six 
repetitions were planted in 7.62 m rows spaced 0.76 m apart using a cone planter on June 
15, 2009 for the 2008 experiment and June 25, 2010 for the 2009 experiment. The 
panicles from each hill and flowering period were randomized within a rep and given a 
sequential number. The plants that emerged in each 7.62 m row were counted and then 
scored for the white midrib trait.  For each panicle from the previous year the total 
number of offspring emerged and the total number conferring the white midrib was 
determined by summing across reps. Outcrossing rate (OCR) was determined by dividing 
the number of plants with the white midrib trait by the total number emerged and 
multiplying by 100%. 
 
Outcrossing rate was related to distance from the edge of the source by performing non-
linear regression analysis using the nlrwr package in R v2.12.1. (R, 2008). An asymptotic 
model (OCR = α – (α-y0)*exp(-k*x)) was fit to the data, where α is the asymptote, y0 is 
the y intercept and k is a rate constant. The lack of homogeneous variance across distance 
was corrected for using the power of the mean model with the gnls() function in the 
package ‘nlme’. The fitted curves were compared across marking periods and years to 
determine how outcrossing differed between flowering periods and years.    
 
To determine the effect of wind direction and speed on the outcrossing rate, a wind value 
(windrun) was assigned to each hill for each flowering period. Wind run was determined 
by multiplying the average wind speed in each of the primary 16 wind directions (N, 
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NNE, NE, ENE, E… etc.) by the proportion of the time in which the wind blew in that 
direction for each flowering period.  
 
To determine which hills would be in the path of pollen blowing in each direction, 
factitious lines were drawn from the edge of the source and parallel to the wind direction.   
The entire experiment was given a 1 m XY coordinate grid where the origin (0,0) was the 
halfway point of the southernmost edge of the source.  Thus the most northerly point of 
the source was located at (0, 50) and the most northerly point of the farthest arc was at (0, 
250).  For each wind direction, two linear equations were derived such that factitious 
lines were drawn from the tangent points on the edge of the source toward the specified 
wind direction. Thus, a 50 m wide path was created for each wind direction that started at 
the source and continued to the end of the last arc. For each directional path, it was 
determined using simple sigmoid geometry which hills would be included in the path.  
Then, for each hill, the windrun was summed for all paths that included the hill and a 
windrun value was given to each hill for each flowering period. Only including those 
hills that were directly in line with the pollen source helped account for the smaller size 
of the source. This could be extrapolated to a larger or different shaped source using the 
same technique. The data were then analyzed in SAS 9.2 using a polynomial model 
including both summation of windrun values and log(distance) using the glm function.   
 
Data for all flowering periods within a year were combined because we expected the 
greatest differences between each marking period to be related to differing wind patterns 
and both wind direction and speed were included in this analysis. 
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Results and Discussion  
The outcrossing rate generally declined exponentially with increasing distance from the 
source for all flowering periods in both years. Table 1 shows the mean outcrossing rate at 
each distance for each year across all flowering periods. It also includes the maximum 
outcrossing rate observed for an individual shattercane panicle, the total number of 
panicles evaluated at that distance and the number evaluated that had at least one 
hybridized offspring. At all distances in both years there were panicles that had at least 
some level of outcrossing. In 2008, outcrossing occurred in 12% of the panicles evaluated 
at 200m and outcrossing occurred in over 65% of panicles at distances 60 m or less, 
indicating that the risk of gene transfer is high if there are any shattercane plants within 
60 m of a sorghum population. In 2009, outcrossing occurred in 41% of the panicles 
evaluated at 200 m and in 78% or more for  panicles at 100 m or less indicating that the 
probability of gene transfer remained high at 200 m from the edge of the source in 2009, 
and very high at distances of 100 m and less.   
 
Two panicles (both at the 40 m arc but separate hills) showed unusually high levels of 
outcrossing (40% and 67%) in 2008. We believe that this is likely due to protogyny, 
where the plant becomes receptive before shedding its own pollen. The late planting in 
2008 led to cooler temperatures during the later flowering periods. These two data points 
were excluded from all analyses, as they were outliers and inclusion did not allow for 
useful fitting of curves or ANOVA. If protogyny occurred in weedy shattercane 
11 
 
 
populations synchronously with pollen shed from grain sorghum, it would have major 
impact on localized gene flow. 
 
The relationship between outcrossing rate and distance from the edge of the source was 
compared among flowering periods by fitting a curve to the data from each period 
independently and comparing the confidence intervals for alpha, y0, and k. These 
confidence intervals did not overlap for all three coefficients between any two curves, 
and thus the curves were different (p> .001) and the data were grouped by flowering 
period and analyzed separately. Table 2 shows the parameter estimates for each of the 
flowering periods. Figure 3 shows the relationship between rate of outcrossing and 
distance for all marking periods in both 2008 and 2009. The rate was greatest within the 
source (distance = 0.5 m) and declined as the distance from the source increased for both 
years, however the rates were much greater at all distances for 2009. The wind data 
recorded showed that the wind was blowing from the southern directions a greater 
proportion of the time in 2009 and that the average southerly wind speed was greater in 
2009 (see Figures 4-8).  
 
The confidence interval for alpha did not contain 0 for any of the marking periods. Since 
alpha is the theoretical asymptote, this might imply that even at distances greater than 
200 m, an outcrossing rate of 0 would not be obtained. However, an actual maximum 
distance for outcrossing to occur would be dictated by pollen survival in the atmosphere, 
wind speed, and the aerodynamic properties of the pollen grain (Aylor et al., 2003).  The 
y0 parameter, or y intercept, is an estimate of the average outcrossing rate for individuals 
12 
 
 
with no separation. The difference in y0 observed between the marking periods ranged 
from 0.02 to 0.15, suggesting that wind speed affects the overall rate of outcrossing by 
disturbing and separating more pollen grains from the parent plant, not just by carrying 
the pollen to a greater distance. This difference might also suggest that the pollen density 
within the source was not the same for all flowering periods. Halsey et al. (2005) suggest 
that the size and strength of the source are very important when evaluating outcrossing. 
Whereas the source was fairly large in our experiment, the poor stand in 2008 might have 
led to the smaller outcrossing rate measured in that year, especially at the closer 
distances. Most likely, as great as the difference was, it is a combination of these factors. 
 
The effect of wind speed and direction are also evident in the analysis considering 
windrun. A quadratic polynomial was evaluated that included both windrun and 
log(distance) because it provided a good fit for each year and windrun did not appear to 
respond linearly, with greater values contributing substantially more to outcrossing than 
lesser values. The results are presented in Table 3 for 2008 and Table 4 for 2009. In 2008, 
all terms and their interactions were not significant except windrun and 
log(dist)*log(dist) and log(dist). Therefore, all other terms were dropped from the model 
and table 5 shows the estimates for these values. In 2009, windrun*windrun and the three 
way interaction of logdist*logdist*windrun were also significant (table 4), so these were 
also included in the model. All other interactions were dropped from the model. Table 6 
shows these results. R
2
 values for the models were 0.75 in 2009 and 0.48 in 2008. The 
lower fit in 2008 might be due to the many observations where outcrossing was not 
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observed, or could be due to not all hills flowering for each marking period, and thus we 
had missing data that may have improved the model. 
 
This analysis provides a means of quantifying the effect wind run has on outcrossing.  It 
shows that wind speed and direction, as well as distance, have an impact on the 
outcrossing rate. The interaction between the two variables might be due to the dispersal 
pattern of the pollen not occurring in a linear swath the way the wind run was calculated, 
the non-uniform density of the pollen cloud, or perhaps could be due to the shifting 
nature of the wind. 
 
Evidence of the importance of wind in cross pollination can also be seen in figures 4-8. 
These figures show the wind trends as well as the outcrossing results for each flowering 
period. The effect of wind is perhaps most evident in the 100 m and 200 m arcs where 
outcrossing was generally greater in the direction of greater wind proportion and speed, 
but can be seen at some of the lower arcs as well. 
 
Results indicate that shattercane x sorghum outcrossing can occur at distances of at least 
200 m from the source. Outcrossing seems to be very dependent on factors such as wind 
and the amount of pollen present, as we achieved quite different results across years.  
Whereas this research helps determine an important aspect of gene flow, it does not 
determine the ultimate gene introgression rate, or fate of those genes upon introgression.  
Further research on the synchrony of flowering in weedy populations of shattercane and 
cultivated sorghum would help determine a more definitive gene introduction rate from 
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sorghum to shattercane. Upon introduction, seed survival and fitness of hybrid progeny 
containing the gene(s) involved, as well as the relative fitness of individuals in 
subsequent generations will ultimately determine the fate of newly introduced gene(s) in 
shattercane.  
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Figure 1.  The dominant phenotype: DD or Dd (left) and the recessive  
phenotype: dd (right) 
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Figure 2. Aerial photograph of the 2009 experiment 
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Figure 3. Rate of shattercane x sorghum outcrossing in relationship to distance from the 
source sorghum population in 2008 and 2009. Each data point represents a receptive 
shattercane panicle along the concentric arc. 
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Table 1. Rate of shattercane x sorghum outcrossing within each arc in 2008 and 2009.  
 
An* indicates that the two outliers were omitted
  2008   2009 
Distance 
Mean 
Outcrossing Rate 
(STD Error) 
Total 
No. 
Hills 
No.  with 
Outcrossing 
Max Rate for 
an Individual 
 
Mean 
Outcrossing Rate 
(STD Error) 
Total 
No. 
Hills 
No.  with 
Outcrossing 
Max Rate for 
an Individual  
  %     (%)   %     (%) 
Within 
Source 3.61  (0.76) 10 10 8.47  16.02(1.31) 20 20 26.68 
1m 2.98  (0.49) 23 23 10.2  9.70  (1.28) 24 24 24.17 
3m 2.23  (0.36) 25 25 7.78  7.07  (0.83) 26 26 16.06 
5m 1.45  (0.24) 20 19 4.03  5.18  (0.54) 26 26 12.17 
10m 1.27  (0.24) 27 24 5.44  4.88  (0.89) 24 24 13.85 
20m 0.87  (0.16) 25 21 3.08  2.70  (0.47) 30 28 7.76 
40m 0.32*  (0.05)* 29 22 67.2  1.89  (0.36) 37 35 9.3 
60m 0.33  (0.07) 29 19 1.52  1.45  (0.23) 57 50 8.33 
100m 0.16  (0.10) 46 9 4.66  0.90  (0.16) 50 39 4.96 
200m 0.09  (0.04) 73 9 2.41   0.34  (0.07) 73 30 2.56 
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Table 2. Parameter estimates obtained by fitting rate of shattercane x sorghum 
outcrossing (OCR) to distance from the edge of the source population (x) using the  
equation OCR = α – (α-y0)*exp(-k*x)). 
 
 
 
 
 
    Coefficients 
  ________Alpha_______ _________Y0____________ __________k__________ 
Year 
Marking  
Period Estimate 
Std. 
error 
p-
value Estimate 
Std. 
error 
p-
value Estimate 
Std. 
error 
p-
value 
2008 1 0.0015 0.0006 0.0145 0.0306 0.0034 0.0000 0.0603 0.0146 0.0001 
2008 2 0.0008 0.0004 0.0335 0.0305 0.0108 0.0078 0.0842 0.0312 0.0105 
2008 3 0.0014 0.0007 0.0306 0.0222 0.0036 0.0000 0.0635 0.0213 0.0034 
2009 1 0.0162 0.0024 0.0000 0.1541 0.0114 0.0000 0.0882 0.0167 0.0000 
2009 2 0.0025 0.0006 0.0000 0.0598 0.0059 0.0000 0.0392 0.0050 0.0000 
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Table 3 ANOVA for the quadratic analysis using windrun and log(distance) in 2008. 
 
2008 
Source  
 
DF  
Type I 
SS  
 Mean 
Square 
 F 
Value  Pr > F 
logdist                       1 0.02992 0.02992 247.12 <.0001 
logdist*logdist               1 0.00163 0.00163 13.45 0.0003 
Windrun                        1 0.00047 0.00047 3.91 0.049 
Windrun * Windrun 1 0.00009 0.00009 0.78 0.3771 
logdist* Windrun 1 0.00000 0.00000 0 0.9894 
logdis*logdis* Windrun 1 0.00004 0.00004 0.36 0.5485 
logdis* Wind*Wind 1 0.00040 0.00040 3.31 0.0699 
logd*logd* Wind* Wind 1 0.00001 0.00001 0.07 0.7899 
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Table 4 ANOVA for the quadratic analysis using windrun and log(distance) in 2009. 
2009 
Source DF 
Type I 
SS Mean Square 
F 
Value Pr > F 
logdist 1 0.52729 0.52729 817.87 <.0001 
logdist*logdist 1 0.04903 0.04903 76.06 <.0001 
Windrun 1 0.08798 0.08798 136.46 <.0001 
Windrun*Windrun 1 0.01935 0.01935 30.02 <.0001 
logdist* Windrun 1 0.00013 0.00013 0.19 0.6596 
logdis*logdis* Windrun 1 0.00368 0.00368 5.71 0.0174 
logdis*Wind* Wind 1 0.00019 0.00019 0.29 0.5903 
logd*logd* Wind * Wind 1 0.00030 0.00030 0.47 0.4956 
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Table 5.  Estimates for the quadratic effects of windrun, log(distance) and significant 
interactions for 2008. 
 
2008 
Parameter Estimate Standard Error  t Value Pr > |t| 
Intercept 0.0252 0.0029 8.7 <.0001 
logdist -0.0096 0.0012 -7.91 <.0001 
logdist*logdist 0.0009 0.0002 4.07 <.0001 
windrun 0.0033 0.0017 1.98 0.0488 
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Table 6.  Estimates for the quadratic effects of windrun, log(distance) and significant 
interactions for 2009. 
 
2009 
Parameter Estimate Standard Error t Value Pr > |t| 
Intercept 0.0603 0.0289 2.09 0.0377 
logdist -0.0185 0.0091 -2.04 0.0419 
logdist*logdist 0.0014 0.0011 1.3 0.194 
Windrun -0.0123 0.0265 -0.47 0.6418 
Windrun * Windrun 0.0161 0.0059 2.72 0.0069 
logdist* Windrun -0.0061 0.0041 -1.5 0.1341 
logdis*logdis* Windrun 0.0015 0.0006 2.39 0.0172 
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Figure 4: 2008. Wind trends and outcrossing results for the first flowering period in 
2008. Wind trends show wind blowing toward the direction specified. 
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Figure 5: 2008. Wind trends and outcrossing results for the second flowering period in 
2008. Wind trends show wind blowing toward the direction specified. 
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Figure 6: 2008 . Wind trends and outcrossing results for the third flowering period in 
2008. Wind trends show wind blowing toward the direction specified. 
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Figure 7: 2009. Wind trends and outcrossing results for the first flowering period in 
2009. Wind trends show wind blowing toward the direction specified. 
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Figure 8: 2009. Wind trends and outcrossing results for the second flowering period in 
2009. Wind trends show wind blowing toward the direction specified.
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